Surface-enhanced Raman scattering (SERS) is a powerful spectroscopic tool for detecting low concentrations of many substances. The SERS effect occurs when a Raman active molecule is in contact with a metal surface having nanoscale features. While common SERS surfaces are formed on planar substrates, we present a technique whereby the surface is fabricated on the tips of custom designed optical fibres. The fibre presented is based on a modified imaging fibre which consists of a bundle of thousands of micron-sized individual optical fibres fused together in a coherent bundle. The fibre is then drawn such that each pixel is reduced to a nanoscale size. When chemically etched, the cores of the drawn pixels are eroded leaving an array of nanostructured wells. These are then coated with a thin layer of silver to enable SERS functionality. The design of the fibre, the manufacturing and etching processes and the characterisation of the SERS functionality will be presented.
INTRODUCTION
The timely and accurate detection of chemical compounds in low concentrations is a highly desirable capability in many fields ranging from medicine through to security. Furthermore, there exists a great desire for such devices to be small, portable and cost effective. One technique that has shown potential to provide this capability is surface-enhanced Raman scattering (SERS). The Raman effect occurs when a molecule scatters an incident photon (usually from a laser source) to either a higher or lower frequency. 1 The shift in energy is due to the molecule under investigation either absorbing or releasing energy by changing vibrational states. As the changes in vibrational states depend on the atomic composition and the configuration within each compound, every Raman-active molecule scatters its own unique "signature" spectrum.
While Raman spectroscopy is a very powerful tool for identifying chemical compounds, the low cross-section for Raman scattering means it is usually only suitable for investigating high concentration or bulk compounds. Furthermore, in order to provide timely results, high laser intensities often need to be applied. Both of these issues present difficulties when employing a portable Raman system in the field.
The SERS effect, however, offers the ability to amplify the Raman signal by many orders of magnitude.
2, 3
Typical SERS enhancement figures range from 10 6 up to, under exceptional circumstances, over 10 12 . 4 In such cases, single molecule detection is possible. 5 The SERS effect is produced by the interaction of the molecule under investigation and the electromagnetic field associated with the localised surface plasmon resonance (LSPR) generated by nanoscale metal particles when the two are in close contact. 6 When interacting, the incident electromagnetic field that the molecule is exposed to is amplified by the superposition of the LSPR field and the incident laser light. Furthermore, the Raman scattering emitted by the molecule is also amplified by out-coupling energy from the field. It is the combination of these two effects that primarily lead to the orders-of-magnitude enhancements observed.
Since the first SERS observation some 30 years ago, many different techniques for creating the nanoscale metal surfaces have been developed. These range from simple methods such as chemically or physically roughening of a surface through to complex lithographic systems (eg. nanosphere lithography and e-beam lithography).
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These methods are typically employed to produces SERS surfaces on planar substrates such as glass slides. Recently, however, the idea of using optical fibre platforms has generated interest. Using an optical fibre based approach provides a number of unique advantages. Chief amongst these is the ability to easily separate the sensing component from the user. Remote sensing capability is considered highly desirable for situations where there is an imminent physical threat to the operator, for example: investigating explosives, bio-warfare agents, toxic chemicals or use in radiation environments.
An additional benefit of an optical fibre based platform is the ability to interface the probe with other optical fibre components. The availability of fibre-coupled lasers and spectrometers raises the possibility of a completely fibre-based system. Replacing discrete optical components with fibre components allows for more robust and potentially smaller devices. Several types of fibre couplers allow micron-level accuracy, removing the need for regular alignment required by free-space components. Furthermore, optical fibres only require the excitation laser to be focussed into the proximal end of the fibre rather than onto the sample itself. This offers the advantage of having a fixed focal system and removes the need for expensive objective lenses that are typically required for larger, laboratory based machines. Once again, for an on-line or fieldable commercial system, reduced down-time for maintenance and turn-key operation are essential qualities.
There have been a number of previous attempts at producing SERS-capable optical fibre sensors. 7, [11] [12] [13] Although the examples discussed in the references all showed SERS activity, they tend to rely on fundamentally random metal film formations. As such, these sensors can suffer from the same sample-to-sample reproducibility issues found with roughened surfaces of conventional planar substrates. By omission, the literature suggests that lithographic techniques such as e-beam or nanosphere lithography may be difficult to apply to fibre end-faces.
The proposition presented here is that the substrate can be formed by chemically etching miniaturised imaging fibres.
14, 15 There have been a number of attempts based on etched imaging fibre substrates. 16, 17 However, these have either been at the fibre's native size or produced using tapering techniques which restrict large scale production. This paper reviews the progress towards large-scale production achieved to date and discusses the technical challenges that have been encountered.
NANOSTRUCTURED OPTICAL FIBRES
The work presented in this paper is based on manufacturing highly modified imaging fibres. Imaging fibres consists of thousands of individual single-mode fibres (called "pixels") drawn in a coherent bundle in such a way that each fibre maintains its position along the length of the bundle (Fig. 1a) . These bundles are commonly used in medical endoscopes for transferring an image from one end of the fibre to the other. Several publications have demonstrated that the cores of the imaging fibre pixels can be preferentially eroded using a selective hydrofluoric acid based etchant to produce an array of micron-scale wells (Fig. 1b) . 18 Preferential etching occurs as the cores have a different dopant (germanium in this case) to the surrounding matrix material. Imaging fibres typically have a minimum pixel separation of around 3 µm. At this size, the structures produced by preferential etching are too large to act as efficient SERS substrates. However, it has been shown that by reducing the scale of the features to sub-micron sizes (by drawing the fibre to a smaller diameter), the structures produced after etching can be of an appropriate size for use as a SERS substrate. 
DOPANT DIFFUSION
Previous works have shown that small, butane burning torches can be used to heat the imaging fibres so that they may be manually drawn to smaller diameters. 15 However, such an approach gives highly variable results and is not suitable for large-scale production of nanostructured fibres. To produce a long length of drawn imaging fibre, a commercial fibre drawing facility was employed which uses a large annular furnace to heat the glass. The disadvantage of using such a system is the high temperature (over 1500K) experienced by the imaging fibre during the draw. Such temperatures lead to significant diffusion of the dopant distribution within the fibre and could, if not correctly taken into account, completely destroy the nanostructure.
In order to determine optimal manufacturing conditions, a computer simulation was written to model diffusion within the fibre structure and the resultant nanostructures produced after etching. Presented here is an overview of the simulation and its results. Further information about the simulation can be found in Ref.
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The first phase of the program is to determine the diffusion of the germanium dopant out of the imaging fibre cores. The diffusion of a particle can be described using the Arrhenius equation:
where D 0 is the pre-exponential term (m 2 /s), E is the activation energy (J/mol), R is the gas constant (8.314 J/(K·mol)) and T is the temperature in Kelvin. Experimental values of D 0 = 2.4 × 10 −6 m 2 /s and E = 310 × 10 3 J/mol for germanium diffusion in a silica optical fibre have been previously reported. 22 The diffusion value can then be used to determine a radial diffusion length for a given temperature and time:
where t is the heating time in seconds ( The diffusing atoms travel according to Brownian motion and, as such, in 2 dimensions, have a Gaussian shaped concentration curve:
where σ 2 = r 2 = 2Dt. Additionally, in order to express conservation of mass within the system, the concentration curve is normalised to an area of 1. This produces the template as shown in Equation 4:
Simulation Setup
Having determined the diffusion parameters, the simulation then considers the distribution of dopants within the imaging fibre bundle. In this case, the cores are arranged in a hexagonal (honeycomb) structure. Simulating the thousands of imaging fibre cores in a bundle is obviously not a feasible proposition but given the repetitive nature of the bundle this is not necessary. A honeycomb arrangement can instead be broken into a unit cell as shown in Figure 3a . Additionally, there exist two axes of symmetry within the unit cell which the simulation takes advantage of (also shown in Fig. 3a) .
A number of parameters are used in the simulation: (1) imaging pixels have a diameter of 200 nm, (2) the centre-to-centre spacing of the cores (inter-core spacing) is 400 nm, (3) the etch rate of cores is 8,800 nm/hr (146 nm/min) and (4) the etch rate of the matrix structure is 400 nm/hr (6.66 nm/min). This produces the initial dopant distribution as shown in Figure 3b . The etch rates and geometric scales were chosen to mirror previously produced experimental values. A convolution template which is derived from the diffusion length ( Fig. 3c ) is then applied to this distribution in order to calculate the diffusion of etch rates. The result of this operation is the 2-dimensional cross-section of etch rates within the imaging fibre bundle under defined diffusion conditions (Fig. 3d ). Note that for the remainder of the paper, the diffusion is expressed as a normalised diffusion ratio (i.e. the ratio of the diffusion length to the inter-core spacing). In other words, for an inter-core spacing of 400 nm, a diffusion length of 80 nm equals a diffusion ratio of 20%. This is important as fibres having the same diffusion ratio will all produce the same structures scaled to the fibre dimensions. What will vary however, are the final dimensions of the structures and the times taken to achieve them. 
Program Structure
Having determined the distribution of dopants and etch rates, the simulation volume is then generated by simply stacking the 2-dimensional distributions (Fig. 3d) vertically. As stated previously, the simulation only calculates for 1/4 of a unit cell and thus now simulates a 3-dimensional volume measuring 200 nm wide, 344 nm long and 2,048 nm deep broken into cubic elements measuring 4 nm on edge. The simulation depth and element size were chosen as a function of the amount of computer memory available.
In order to model the progression of the acid etch, the simulation calculates an element's exposure based on a nearest neighbour principle. For each element in the simulation volume, the program simply counts how many of its immediate neighbours are acidic. The element is then eroded by an amount based on this exposure and the element's etch rate. Should an element be completely eroded away it becomes an acid particle. As the simulation looks at the progression of the etch over time, the above process is calculated 4000 times for every minute of simulation time.
To find the surface (and hence the surface area), at each point in time, the program scans through the volume looking for the highest solid point for each x, y coordinate, producing a 2-dimensional array of heights. The height field is further segmented into co-planar triangles so that the surface area can be determined. It should be noted that this method for determining the surface does not allow for the possibility of undercutting during the etch. However, it was found that such effects never occurred in practice and thus the method is considered valid. In general, if undercutting needed to be taken into account, a technique such as the "marching cubes" algorithm (or similar) could be substituted. 23 In order to visualise the simulation output, the surface height field was loaded into an animation and rendering package (Autodesk's 3D Studio Max) where the data was copied and mirrored. Simulation outputs for various diffusion ratios are presented in Table 1 . Additional ratios were simulated and used in the analysis but are not illustrated here.
The simulation output clearly shows that production of sharply defined structures with a high aspect ratio requires an absolute minimum of diffusion. Conversely, if a dimpled or "golf ball" like structure is desired, a high diffusion ratio is acceptable.
One interesting result from the simulation is that for diffusion ratios greater than 10%, the structure (and hence, surface area) ceased changing at a particular point in time (Fig. 4) . In other words, the peaks, the walls and the base of the wells at etched at the same rate (recall: the rate at which an element etches is a function of its etch rate and its exposure). Values for diffusion ratios less than or equal to 10% are not available due to the limited z depth of the simulation. The table in Fig. 4 shows the time taken to reach the final equilibrium of the surface area for various diffusion ratios. Note that the initial surface area of a unit cell is 0.275 × 10 6 nm 2 . The time taken to reach equilibrium (defined as the first differential turning point) is an important value in the sensor manufacturing process as etching for longer than these times will not produce any further structural changes. 
MANUFACTURING
As stated earlier, the goal of this project was to develop a prototype nanostructured optical fibre using a commercial fibre drawing facility. Production of the fibre was conducted in conjunction with Fujikura Ltd. The fibre consisted of 30,000 cores, drawn to have an inter-core spacing of approximately 420 nm. Total outer diameter of the fibre was 108 µm.
To enable simple handling and processing of the fibre, a custom designed ceramic ferrule was manufactured. The ferrule has a 2.5 mm diameter and is 10 mm long which allows it to be integrated into any device fitted with an 'FC' style fibre connector port. By gluing the fibre into the ferrule, standard fibre polishing techniques can then be used to produce a clean, flat surface on the fibre tip. For these samples, initial polishing was performed using a 1 µm polishing pad. Final polishing was accomplished using diamond paste (< 100 nm particle size) and a soft felt polishing pad. After polishing, the samples were washed to remove excess material from the surface.
To reveal the nanostructures, the ferrule-mounted fibre was etched using a modified hydrofluoric acid solution. The etchant consisted of 25 ml of commercial buffered hydrofluoric acid solution containing 6.5% HF and 35% NH 4 F (Riedel-de Haën), 50 ml of hydrochloric acid (37%, Sigma) and 675 ml of high purity water thereby creating a 750 ml solution containing 75ml of active acid. As stated previously, this solution etches the germanium doped cores at approximately 8,800 nm/hr and the matrix at approximately 400 nm/hr. Samples of the fibre were etched for 1 to 20 minutes in 1 minute increments using this solution. A Zeiss Supra 40VP scanning electron microscope was used to investigate the etched surfaces (Fig. 5 ).
The precise manufacturing conditions of the fibres are not available for proprietary reasons, but by comparing the etched fibres with the simulation (as shown in Table 1 ), the approximate diffusion ratio and hence diffusion lengths can be deduced. It is estimated that the diffusion ratio is approximately 20%, which for an inter-core spacing of 420 nm corresponds to a diffusion length of 85 nm. It can be seen from the images that the simulation matches the experimental results quite well. and at an angle of 30 degrees to the fibre axis. It is apparent that after approximately 9 minutes, the structures do not change but simple move down into the fibre. This is in agreement with the simulation.
SERS PERFORMANCE
In order to test the SERS performance of the nanostructured fibre, experiments were conducted using fibres etched for a range of times and coated with various thicknesses of silver as the SERS effect relies on the interaction between the molecule under investigation and a nanoscale metal surface. This is required as the nanostructured glass surface itself is incapable of generating an LSPR.
Twenty samples of the nanostructured fibre were prepared by gluing them into the ferrules and polishing the tips. The samples were then etched for 1 to 20 minutes in one minute increments using the modified hydrofluoric acid. A 2 nm layer of chromium was then deposited onto the etched surface to act as an adhesion layer. A coating of high purity silver (ProSciTech) was then deposited using a thermal coater (Emitech K950X). The coated samples were then soaked in a 10 mM ethanolic solution of thiophenol (C 6 H 6 S) (99%+, Sigma) for 20 minutes. Thiophenol was chosen as the test molecule as it produces a clear SERS signature and forms a stable self-assembled monolayer over the silver surface. The experiment was repeated five times for nominal coating thicknesses of 20, 40, 60, 80 and 100 nm.
Spectra were collected using a Horiba Jobin-Yvon Modular Confocal Raman system. Laser excitation was provided by a single spatial mode fibre-coupled 532 nm DPSS laser (OptoTech P/L, Melbourne, Australia). A laser line filter was used to remove the Raman background from the input fibre and a 50× ULWD lens (0.5 N.A.) was used to focus the laser onto the active fibre tip. Power at the sample was approximately 0.7 mW. Spectra were collected in back-scattering configuration from the free space end (ie. not through the fibre). An edge filter with a cutoff at 150 cm −1 was used to remove the laser line from the returning signal before passing it through a 0.4 mm confocal pinhole. The output signal was then fibre coupled to a Jobin-Yvon Triax 320 spectrometer fitted with a 1200 line/mm grating to disperse the beam.
Spectral data was collected using a thermoelectrically-cooled CCD (Jobin-Yvon CCD3000V). Each spectrum comprised five accumulations of ten seconds exposure and five spectra were collected from different locations on each sample. The background signal was then manually subtracted from each spectrum. High frequency noise was removed from the spectra by employing a 3rd order Savitzky-Golay filter. A typical thiophenol SERS spectrum is shown in Figure 6 . Spectra are presented as counts per second per milliwatts of laser power on the sample. The intensities of the strongest spectral features at 1000, 1021, 1070 and 1573 cm −1 were averaged to form a single SERS value (I tp ), which is plotted as a function of etch time and coating thickness in Figure 7 . Note that due to the limited number of spectra collected from each sample, the error bars represent the minimum and maximum values obtained, not the standard deviation. The data indicate that a coating thickness of 60 nm over a fibre etched for approximately 5 minutes or more produces the highest signal counts. Once again, comparison with the modeling results suggest that the fibre produced has a diffusion ratio of approximately 20% which corresponds to a diffusion length of 85 nm. Figure 8 shows the temperature versus time curve for this length as derived from the simulation. Figure 8 : Maximum allowable temperature and heating times for a fibre having an inter-core spacing of 420 nm and a diffusion length of 85 nm. Keeping manufacturing conditions below this line will results in desirable nanoscale pyramids on the surface of the fibre after etching.
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An important observation arising from these results is that the progression of signal intensity can be matched with the increase in surface area. Figure 9a shows the counts for the fibres coated with 80 nm of silver compared with the calculated surface area from the simulation. As can also be seen, after the 5 minute mark, there exists a large amount of variability in the signal counts. This was initially an unexpected result as the glass structures themselves have a very high reproducibility. However, both the area dependence and the signal count variability can be understood by considering the nature of the metal coating applied to the nanostructured glass surface (Fig 9b) . Investigations of the SEM images, clearly show the metal coating consists of neighbouring islands rather than a continuous film. Previous works have demonstrated that metal island films have the ability to produce large SERS enhancement factors. 24 Given that the spacings between the islands cannot be controlled, it is likely that despite the high reproducibility of the glass surfaces, the natural variability of the island-to-island spacing leads to the variability in SERS enhancement and hence signal counts. It is also proposed that is it the oblique angles of the walls of the surface with respect to the coating flux which induce the formation of island films. Therefore, as the available area for island films is dependent on the surface area of the glass structures, changes in surface area have a direct relationship to the observed enhancement.
Repeatability
Having a large variation in signal counts presents a problem when using the sensor for quantitative analysis. However, one solution to reduce the variability is to provide the sensor with a known molecule at a known concentration with which its sensitivity can be calibrated (ie. an internal calibration standard). Previous works have shown that thiol terminated molecules (including thiophenol) form stable monolayers on metal surfaces.
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Additionally, such molecules may be used as partition layers to trap other molecules of interest close to the active surface. 26, 27 It is proposed that these molecules may also serve as calibration standards. As these molecules form stable monolayers on the surface of the sensor, their concentration should be uniform across multiple samples. Taking a spectrum of the functionalised surface before introducing the sample allows the performance of each different sensor to be determined. By then comparing the spectrum of the molecule of interest to this reference spectrum, the sensor is now acting as a calibrated, quantitative system. In other words, as long as the spectra gathered from a sensor are compared against the calibration spectrum of that sensor (and not simply against some average), the variation between sensors can be reduced to an acceptable level.
In the following section, the molecule 1-decanethiol (1-DT) (CH 3 (CH 2 ) 9 SH) is used as both the partition layer and the internal calibration standard.
APPLICATION
As a practical demonstration of the nanostructured fibre SERS sensor, experiments were conducted on the detection of chlorsulphuron. Chlorsulphuron (C 12 H 12 ClN 5 O 4 S) is a commonly used sulfonylurea herbicide as it requires very low concentrations (2 -75 g/ha) to be effective. 28 However, despite the low concentrations, leaching into the surrounding environment can cause damage to the neighbouring flora and fauna.
28, 29
A SERS fibre probe was etched for 20 minutes in the modified hydrofluoric acid etchant and coated with 2 nm of chromium and 60 nm of silver. The sensor was functionalised by immersion in a 10 mM ethanolic solution of 1-DT for approximately 1 week. A solution of 1% (by mass) chlorsulphuron (99.5%, Dr Ehrenstorfer GmbH) was prepared by diluting in methanol (>99.7%, Scharlau).
The 1-DT functionalised fibres were exposed to chlorsulphuron by dropping approximately 20 µL of the solution onto the active tip. The chlorsulphuron solution was then allowed to dry (approximately 30 seconds) and the spectrum recorded. Figure 10 : (a) 1-decanethiol monolayer and 1% chlorsulphuron + 1-DT monolayer spectra with the characteristic chlorsulphuron peaks identified by asterisks and (b) spectra gathered for the reversibility test. All spectra have undergone background subtraction, are normalised to the 1124 cm −1 peak of 1-DT and are shifted vertically for clarity. Figure 10a shows the spectra of 1-DT and 1% chlorsulphuron. Spectra have undergone manual background subtraction and are presented as counts/second/mW. The chlorsulphuron spectrum has been scaled so that the 1124 cm −1 1-DT peak is the same height in both spectra. Asterisks indicate the most prominent characteristic chlorsulphuron peaks at 434, 620, 673 and 986 cm −1 .
In addition to the simple detection of chlorsulphuron, a second test was performed to determine if the SERS sensor shows reversibility -in other words, the ability to detect both increasing and decreasing concentrations of the target analyte. For a sensor to be used in a continuous, on-line monitoring system, reversibility is a key feature. After collecting the spectra shown in Figure 10a , the sensor was washed by spraying the surface with ethanol. A spectrum was then recorded of the washed sensor and the chlorsulphuron solution applied again. A second chlorsulphuron spectrum was collected before the wash routine was repeated. Figure 10b shows the spectra collected for the reversibility test. As can be seen, the characteristic chlorsulphuron peaks at 434, 620, 673 and 986 cm −1 disappear after washing the sensor with ethanol thus indicating the lack of adherence to the surface and hence the reversibility of the sensor. Further experiments using more gentle rinsing processes are required to determine how many cycles are possible before the sensor performance deteriorates.
CONCLUSIONS
The successful manufacturing of nanostructured optical fibres requires an understanding of the processes of diffusion within the glass structure. The simulation program written has the ability to model diffusion under various heating parameters and the resultant structure produced after etching. It was found that in order to produce the desired pyramidal structures, the diffusion length must be less than 25% of the inter-core spacing of the pixels. Using parameters determined by the simulation, a small length of prototype SERS-capable nanostructured fibre was successfully produced.
The preliminary results presented in this paper demonstrate the potential for commercial applications of the SERS fibre. Additional work is presently being undertaken to determine levels-of-detection for various molecules of interest, to determine the lifespan of the sensor and to investigate other partition layer / calibration molecules.
Although these fibres may provide a convenient and inexpensive platform for certain applications, as yet, they do not meet the challenge of through-fibre sensing. This is primarily due to the residual dopant distribution which leads to high levels of scattering of light transmitted though the fibre. This scattering generates excessive background noise against which the signal cannot be resolved. Future progress will require a resolution of the contradictory requirements of low diffusion to maintain the structure after etching and high diffusion for reduced scattering in transmission. Experiments are being conducted to determine the optimum drawing and processing parameters in this regard.
